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Random Pilot and Data Access for Massive MIMO
Spatially Correlated Rayleigh Fading Channels
Junyuan Gao, Yongpeng Wu, and Fan Wei
Abstract—Random access is necessary in crowded scenarios
due to the limitation of pilot sequences and the intermittent
pattern of device activity. Nowadays, most of the related works
are based on independent and identically distributed (i.i.d.) chan-
nels. However, massive multiple-input multiple-output (MIMO)
channels are not always i.i.d. in realistic outdoor wireless
propagation environments. In this paper, a device grouping
and pilot set allocation algorithm is proposed for the uplink
massive MIMO systems over spatially correlated Rayleigh fading
channels. Firstly, devices are divided into multiple groups, and
the channel covariance matrixes of devices within the same group
are approximately orthogonal. In each group, a dedicated pilot
set is assigned. Then active devices perform random pilot and
data access process. The mean square error of channel estimation
(MSE-CE) and the spectral efficiency of this scheme are derived,
and the MSE-CE can be minimized when collision devices have
non-overlapping angle of arrival (AoA) intervals. Simulation
results indicate that the MSE-CE and spectral efficiency of this
protocol are improved compared with the traditional scheme.
The MSE-CE of the proposed scheme is close to the theoretical
lower bound over a wide signal-to-noise ratio (SNR) region
especially for long pilot sequence. Furthermore, the MSE-CE
performance gains are significant in high SNR and strongly
correlated scenarios.
Index Terms—correlated channel, random access, device
grouping, pilot set allocation
I. INTRODUCTION
As the society is becoming fully networked, the number of
wireless devices and the amount of data traffic are growing
rapidly, which calls for the development of the fifth generation
(5G) wireless communication [1]. It is known that 5G wireless
networks will support three generic services including En-
hanced Mobile BroadBand (eMBB), Massive Machine Type
Communication (mMTC), and Ultra-Reliable Low Latency
Communications (URLLC) [1]. Among them, mMTC aims
to achieve the communications between large number of low-
cost and sporadically active devices with low-data rate [2]. It
has been a necessary service driven by many newly emerging
use cases, such as Internet of Things (IoT) and machine-
to-machine communications. Hence, the reliable support for
massive connectivity of devices has been an important issue.
Channel state information (CSI) plays an important role
in coherent communication. In time-division duplex (TDD)
massive multiple-input multiple-output (MIMO) transmission,
uplink (UL) CSI at the base station (BS) can be estimated
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through orthogonal pilots, and downlink channel estimates can
be obtained utilizing channel reciprocity [3]. In massive access
scenarios, the channel estimation is challenging because of
two reasons [4]. First, since devices are generally low-cost,
the duration of pilot sequences is limited by the uplink power
budget. Once devices are mobile, it is also limited by the
channel coherence time [5]. Hence, the number of devices
is much larger than that of available orthogonal pilots, and
it becomes impossible for devices to have dedicated pilots.
Second, each device sends data to the BS in an intermittent
pattern. Therefore, it is not necessary to allocate dedicated
pilots to all the devices within the network [4]. These are the
key motivations for the study of random access.
Nowadays, many works focus on random uplink access in
massive MIMO [4]–[7]. For example, in [4], each device is
assigned with a unique non-orthogonal pilot hopping pattern.
According to these patterns, active devices select pilots in
training phases within multiple transmission slots and data
codewords are transmitted afterwards. Hence, devices can
be identified and their codewords can be merged. In [6],
coded access and successive interference cancellation is used
to realize random uplink access. The strongest-user collision
resolution decision criterion was proposed in [7]. Each active
device randomly selects a pilot from the pilot set, but only
the device with the strongest path-gain can access the network
successfully. However, in these literatures, only independent
and identically distributed (i.i.d.) channels are considered. In
realistic outdoor wireless propagation environments, the BS
is located at an elevated position and the scattering around
the BS is limited. Hence, most of the channel power lies in
a finite number of spatial directions [8].
In this paper, we consider random pilot and data access
in massive MIMO systems with spatially correlated Rayleigh
fading channels. A device grouping and pilot set allocation
algorithm is proposed. Specifically, devices are divided into
multiple groups based on their correlation characteristics. A
unique pilot set is assigned to each group. Devices with large
channel power overlaps in the angular domain are divided
into different groups, since it is difficult to distinguish them if
they select the same pilot. Then the random access protocol in
[4] is utilized. The non-orthogonal pilot hopping pattern over
multiple slots is predetermined for devices. The construction
of pseudo-random pilot hopping patterns can be modeled as
the process that each active device randomly selects a pilot
from its pilot set in each slot [4]. Since we perform device
grouping and pilot set allocation before random access, de-
vices reusing the pilots have less overlapping angle of arrival
(AoA) intervals, and impairment caused by pilot interference
is reduced. Hence, the proposed scheme shows performance
gains over the traditional scheme where devices and pilots are
not grouped [4] in terms of the estimation error and spectral
efficiency, and the gains of estimation performance become
larger as the channel angular spread (AS) becomes smaller and
the signal-to-noise ratio (SNR) becomes higher. Meanwhile,
when the channel covariance matrixes of devices reusing the
pilots are orthogonal, the estimation error can be minimized.
In this paper, bold lowercase letters and bold uppercase
letters denote column vectors and matrices, respectively. The
conjugate, transpose, and conjugate transpose are denoted by
(·)∗, (·)T , and (·)H , respectively. The Euclidean norm and ex-
pectation operators are denoted by ‖·‖ and E{·}, respectively.
Let z ∼ CN (0, σ2) denote a circularly symmetric complex
Gaussian random variable z with zero mean and variance σ2.
II. CHANNEL MODEL AND CHANNEL ESTIMATION
We consider a massive MIMO system in a single-cell
scenario operating in TDD mode, where the BS is equipped
with a uniform linear array (ULA) ofM antennas and serves K
single-antenna devices. The set of devices within the network
is denoted by K = {1, 2, . . . ,K}.
We consider spatially correlated Rayleigh fading channels
which are frequency-flat fading on a narrow-band sub-carrier.
Let hk ∈ CM×1 (k ∈ K) denote the UL channel vector be-
tween the BS antenna array and device k. Let θ and A denote
the incidence angle and the angular region, respectively. The
channel vector hk can be modeled as [8], [9]
hk =
∫
A
v(θ)αk(θ)dθ, (1)
where αk(θ) denotes the channel gain function of device k. If
BS antennas are spaced with half of wavelength, the steering
vector v(θ) = [1, e−jpi sin θ, . . . , e−jpi(M−1) sin θ]T . Supposing
hk∼CN (0,Rk), the covariance matrix Rk is given by
Rk =
∫
A
v(θ)(v(θ))Hpk(θ)dθ, (2)
where p(θ) denotes the power azimuth spectrum (PAS), which
is assumed to follow the truncated Laplacian distribution in
this paper. Let ςk, θk, and βk denote the AS, the mean AoA,
and the large scale fading coefficient of device k, respectively.
Then pk(θ) equals [10]
pk(θ) =
βkexp
(−√2|θ − θk|/ςk)√
2ςk
(
1− exp (−√2pi/ςk)) . (3)
From [8], when the number of BS antennas is sufficiently
large, the covariance matrix Rk can be approximated by
Rk ≈ FMdiag{rk}FHM , (4)
where FM is a unitary M-point Discrete Fourier transform
(DFT) matrix. For i = 1, 2, . . . ,M , [rk]i is given by
[rk]i = Mpk
(
ϑ
(
i− 1
M
))[
ϑ
(
i
M
)
− ϑ
(
i− 1
M
)]
, (5)
where ϑ
(
m′
M
)
= arcsin
(
2m
′
M − 1
)
for m′ = 0, 1, . . . ,M . It
indicates that when M is sufficiently large, channel spatial
correlations are related to the channel power distribution in the
angular domain. Specifically, eigenvector matrixes of channel
covariance matrixes can be approximated by the DFT matrix,
and eigenvalues depend on the channel PASs [8]. Besides,
channels are assumed to be wide-sense stationary [11], and
channel covariance matrixes can be obtained by the BS.
Assuming the pilot is τp symbols long, it is smaller than the
channel coherence interval. During the training phase, the set
of active devices is denoted by Ka and its size is assumed to
beKa. The pilot of device k is denoted by φpik ∈ Cτ×1, which
is the pithk pilot sequence in the pilot set. The transmit power
of the pilot signal satisfies σ2p = 1, i.e., φ
H
pikφpik = τpσ
2
p = τp.
Let Cpik denote the set of devices using the same pilot as
device k. The received pilot signals at the BS is given by
Y =
∑
l∈Ka
hlφ
T
pil
+ N, (6)
where N is the additive white Gaussian noise (AWGN) whose
elements are i.i.d. as CN (0, σ2z). The SNR ρp=σ2p/σ2z=1/σ2z .
After decorrelation, the channel observation of device k equals
ypik = Yφ
∗
pik
= τp
∑
l∈Cpik
hl + Nφ
∗
pik
. (7)
The minimum mean square error (MMSE) estimate of hk
is given by
hˆk = Rk(
∑
l∈Cpik
τpRl +
1
ρp
I)−1ypik . (8)
Based on the orthogonality principle of MMSE estimation,
the covariance of channel estimation error can be obtained as
Rh˜k = Rk − τpRk(
∑
l∈Cpik
τpRl +
1
ρp
I)−1Rk. (9)
III. DGPSA-BASED RANDOM ACCESS PROTOCOL
Since the number of devices within the network is larger
than that of orthogonal pilots, it is impossible to allocate a
dedicated pilot to each device. Hence, random access becomes
a necessary solution. In this section, a device grouping and
pilot set allocation (DGPSA) algorithm is proposed, which is
performed before the random access process. The character-
istics of correlated channels are fully utilized in the DGPSA-
based random access protocol. Finally, the channel estimation
error, its theoretical lower bound and the spectral efficiency
of the proposed scheme are derived.
A. DGPSA Algorithm
In this subsection, a DGPSA algorithm is proposed and
described in Algorithm 1. The main idea is that channel
covariance matrixes of devices reusing a pilot set should be as
orthogonal as possible, i.e., devices with large AoA interval
overlaps should be divided into different groups and randomly
access to different pilots. Similar ideas were utilized in [12]
to mitigate the inter-cell pilot contamination. However, in this
paper Algorithm 1 is dedicated for device grouping and pilot
set allocation in multi-user single-cell scenarios.
In Algorithm 1, pilots are equally divided into Y groups
as P = {P1,P2, . . . ,PY }. In order to distinguish different
devices within a group, the number of pilots in a group should
be more than one, which will be illustrated in Section III-B.
The process of device grouping consists of two steps. The
first step is to assign devices with similar covariance matrixes
to different groups with orthogonal pilot sets. The similarity
is measured by the angle between covariance matrixes of
different devices. Since these matrixes are Hermitian positive
semi-definite, for any two devices i and j (i, j ∈ K, i 6= j),
the angle between their covariance matrixes is calculated as
θ(Ri,Rj) = arccos
tr{RiRj}
‖Ri‖F ‖Rj‖F
∈
[
0,
pi
2
]
, (10)
where smaller θ means weaker orthogonality and stronger
similarity. The second step is to assign each ungrouped device
to the group where the channel covariance matrixes of devices
are as orthogonal as possible.
The output of Algorithm 1 is the grouping pattern G =
{G1,G2, . . . ,GY }, which means that devices in group y can
randomly access to pilot sequences in the pilot set Py.
B. Random Access and Channel Estimation
Due to random access, collisions will occur in the pilot
domain. Hence, it is impossible to distinguish the transmitting
devices based on the received pilots in a slot. As a result,
random pilot and data access protocol in [4] is utilized.
Specifically, a UL transmission frame is divided into L
transmission slots as Fig. 1. Each device is associated with a
unique and predefined pseudo-random pilot hopping pattern.
The pattern of each device consists of pilot sequences in its as-
signed pilot set. In a transmission slot with τu symbols, active
devices select pilot sequences according to their patterns and
send part of data codeword afterwards. At the receiver, the BS
runs a correlation decoder across L slots and identifies pilot
patterns in order to detect the transmitting devices. Maximum
Ratio Combining (MRC) is applied to the codeword and the
MRC outputs are combined according to the pilot patterns.
When L is large, the transmission of pilots and codewords
is affected by asymptotically large number of channel fades
and interference events [4]. Relying on the ergodicity of such
a process, the estimation error and spectral efficiency can be
characterized as in Section III-B and Section III-C. Since long
pilot hopping patterns are used as identifiers, this protocol
should be applied to delay-tolerant and low-rate applications.
Assuming the number of devices and pilots in group y (1 ≤
y ≤ Y ) are Uy and Wy , respectively, each device can be
allocated with a unique non-orthogonal pilot hopping pattern
if (Wy)
L ≥ Uy . Theoretically, when L is sufficiently large,
the BS can identify all the devices within the network even
if the number of devices is far more than that of pilots.
Devices within the network are independently active with
the activation probability pa. The sporadic and independent
activation of devices and the construction of pseudo-random
Algorithm 1 Device Grouping and Pilot Set Allocation (DG-
PSA) Algorithm
Input:
The device set K = {1, 2, . . . ,K};
the channel covariance matrix {Rk : k ∈ K};
the pilot set P = {P1,P2, . . . ,PY }.
Output:
The device grouping pattern G = {G1,G2, . . . ,GY }.
1: Initialize the ungrouped device set Kun = K, the unused
pilot set Pun = P
2: G1 = {1}, t = 2, d1 = 1,Kun := Kun\{1},Pun :=
Pun\{P1}
3: for t = 2 to Y do
4: Select device dt = argmax
i∈Kun
∑
j /∈Kun cos θ(Ri,Rj)
5: Allocate pilot set Pt to device dt
6: Update Kun := Kun\{dt},Pun := Pun\{Pt},Gt =
{dt}
7: end for
8: while Kun 6= ∅ do
9: Select pilot set Pl = argmin
Pj∈P
∑
s∈Kj
cos θ(Rk,Rs) for
device k ∈ Kun
10: Allocate pilot set Pl to device k
11: Update Gl := Gl ∪ {k},Kun := Kun\{k}
12: end while
13: return G
pilot hopping patterns can be modeled as the process that
each active device in each slot randomly selects one of the
sequences from its pilot set, and then the probability of having
Ka active devices within K devices is calculated as [4]
p(Ka|K) = CKaK pKaa (1 − pa)K−Ka . (11)
Let UKa=
{
U1Ka ,U2Ka , . . . ,U
NKa
Ka
}
denote possible sets of
Ka active devices. Assuming devices in the l
th (1 ≤ l ≤
NKa) set are active, its m
th (1 ≤ m ≤ Ka) element is
denoted by Kl,ma , and FKl,ma =
{
F1l,m,F2l,m, . . . ,FNl,ml,m
}
denotes possible collision sets of device Kl,ma . The number
of colliders to device Kl,ma is c. Assuming the nth (1 ≤ n ≤
Nl,m) collision set is considered, the mean square error of
channel estimation (MSE-CE) of device Kl,ma is given by [8]
ε(l,m, n) = tr
{
Rh˜
K
l,m
a ,n
}
=tr

RKl,ma −RKl,ma

R
K
l,m
a
+
∑
f∈Fn
l,m
Rf+
1
ρpτp
I


−1
R
K
l,m
a

. (12)
Next, we obtain the MSE-CE of a device averaged over all
possible sets of Ka active devices, the selection of one device
and its colliders. The expected MSE-CE is calculated as
EU ,Ka,F(ε) =
NKa∑
l=1
Ka∑
m=1
Nl,m∑
n=1
ε(l,m, n)
NKaKaNl,m
. (13)
Fig. 1. Illustration of the transmission frame. In this example, six devices are
divided into two groups. Two orthogonal pilot sets {φ1, φ2} and {φ3, φ4}
are assigned to two groups respectively. Each device is allocated with a unique
pilot hopping pattern.
Let Uy and Wy denote the number of devices and pilots
in group y, and Kao=Ka− 1 −K+ Uy. The probability of
having c colliders to a given device in group y is shown in
(14).
Based on the probability of having Ka active devices in
(11) and having c colliders in (14), we calculate the expected
value of (13), which can be calculated as
ε = pa
K∑
Ka=1
p (Ka − 1|K − 1)
Ka−1∑
c=0
p (c|Ka)EU ,Ka,F (ε)
=
K∑
Ka=1
Ka
K
p (Ka|K)
Ka−1∑
c=0
p (c|Ka)EU ,Ka,F (ε). (15)
The problem of minimizing ε¯ can be expressed as
min ε
s.t. Rk  0, k ∈ K.
Given the number of devices, p (Ka|K) is determined for
Ka = 1, 2, . . . ,K . If EU ,Ka,F(ε) is minimized for all values
of p (Ka|K) and p (c|Ka), ε can be minimized. Similarly, if
ε is minimized for all kinds of active patterns, all choices of
one device and its possible collision events, EU ,Ka,F(ε) can
be minimized. Hence, the equivalent problem is given by
min ε(l,m, n)
s.t. Rk  0, k ∈ K 1 ≤ l ≤ NKa
1 ≤ m ≤ Ka 1 ≤ n ≤ Nl,m
1 ≤ Ka ≤ K 0 ≤ c ≤ Ka − 1
l,m, n,Ka, c ∈ Z.
Considering the positive semi-definiteness of the covariance
matrix, from (4), (9) and (12), we have
εmin(l,m, n)=
M∑
p=1

rKl,ma (p)−
(
r
K
l,m
a
(p)
)2
r
K
l,m
a
(p) + 1ρpτp


=tr
{
R
K
l,m
a
−R
K
l,m
a
(
R
K
l,m
a
+
1
ρpτp
I
)−1
R
K
l,m
a
}
. (16)
When R
K
l,m
a
Rf =0, i.e., θ
(
R
K
l,m
a
,Rf
)
= pi2 or 〈rKl,ma , rf 〉=0
for f ∈Fnl,m [8], the effect of
∑
f∈Fn
l,m
Rf can be eliminated
and εmin can be obtained. Hence, for any two devices i and
j within the same group, if RiRj = 0, EU,Ka,F (ε) can be
minimized, which satisfies
[EU ,Ka,F (ε)]min=EU ,Ka,F (εmin)
=
1
K
∑
i∈K
tr
{
Ri−Ri
(
Ri+
1
ρpτp
I
)−1
Ri
}
. (17)
[EU ,Ka,F(ε)]min does not vary with the fluctuation of
p (c|Ka). Considering
∑Ka−1
c=0 p (c|Ka) = 1, the theoretical
minimum value of ε is given by
εmin=
K∑
Ka=1
Ka
K
p (Ka|K)
Ka−1∑
c=0
p (c|Ka) [EU ,Ka,F(ε)]min
=
K∑
Ka=1
Ka
K
p (Ka|K) [EU ,Ka,F(ε)]min
= pa [EU ,Ka,F(ε)]min . (18)
Hence, for each device, if its channel covariance matrix is
orthogonal to that of its colliders, the estimation error can be
minimized. This can be realized when devices sharing a pilot
set have orthogonal covariance matrixes, i.e., they have non-
overlapping AoA intervals. The purpose of Algorithm 1 is to
make devices with approximately orthogonal matrixes within
a group and make the interference
∑
f∈Fn
l,m
Rf as limited as
possible. Besides, given the number of pilots in a group, when
the pilot length decreases, the number of groups decreases,
i.e., the number of possible colliders to a device increases and
thus
∑
f∈Fn
l,m
Rf increases. Hence, the MSE-CE gap between
the DGPSA-based random access scheme and the theoretical
lower bound decreases as the pilot length increases.
C. Uplink Sum Rate
Assuming Ka devices in set U lKa (1 ≤ l ≤ NKa) are
active, during the data transmission phase, the signal s
K
l,i
a
is
transmitted from device Kl,ia ∈ U lKa to the BS antenna array,
where s
K
l,j
a
∼CN (0, 1). The received signal is given by
Yu =
∑
s
K
l,i
a
∈U l
Ka
h
K
l,i
a
s
K
l,i
a
+
1√
ρu
nu, (19)
where h
K
l,i
a
∈ CM×1 is the channel vector of active device
Kl,ia , ρu is the data transmission SNR, and nu ∼ CN (0, IM )
is the independent additive noise.
The possible collision events of active devices in set U lKa
are denoted by Ql =
{
Q1l ,Q2l , . . . ,QNQl
}
. The qth (1 ≤
q ≤ NQ) possible collision event is considered. The MRC is
utilized at the BS, i.e., v
K
l,m
a ,q
= hˆ
K
l,m
a ,q
[13]. We rewrite “
Kl,ma , q” to “lmq” for short, and obtain
vHlmqY
u = vHlmqhˆlmqsKl,ma + v
H
lmqh˜lmqsKl,ma
+
Ka∑
j=1,j 6=m
vHlmqhljqsKl,ja +
1√
ρu
vHlmqn
u. (20)
p(c|Ka) =


Ka−1−c∑
j=0
Cc+j
Uy−1
Ccc+j
(
1
Wy
)c(
1− 1
Wy
)j
CKa−1−c−j
K−Uy
CKa−1
K−1
if 1 ≤ Ka ≤ Uy, 0 ≤ c ≤ Ka − 1
Uy−1−c∑
j=0
Cc+j
Uy−1
Ccc+j
(
1
Wy
)c(
1− 1
Wy
)j
CKa−1−c−j
K−Uy
CKa−1
K−1
if Uy < Ka ≤ K − Uy + 1, 0 ≤ c ≤ Uy − 1
K−Ka∑
j=0
CKao+j
Uy−1
CcKao+j
(
1
Wy
)c(
1− 1
Wy
)Kao+j−c
C
K−Uy−j
K−Uy
CKa−1
K−1
if K − Uy + 1 < Ka ≤ K, 0 ≤ c ≤ Kao
Uy−1−c∑
j=0
Cc+j
Uy−1
Ccc+j
(
1
Wy
)c(
1− 1
Wy
)j
CKa−1−c−j
K−Uy
CKa−1
K−1
if K − Uy + 1 < Ka ≤ K,Kao < c ≤ Uy − 1
0 otherwise.
(14)
The spectral efficiency of device Kl,ma is given by [13]
SE(l,m, q)=
τu−τp
τu
E


log2

1+
|vHlmqhˆlmq|2
vHlmq
(∑
j 6=m
hˆljq hˆ
H
ljq+
Ka∑
j=1
Rh˜ljq+
1
ρu I
)
vlmq




. (21)
Similar to the process in Section III-B, we calculate the
expected value of (21) with respect to the number of active
devices, active patterns, the number of collision devices,
and collision events of active devices. Finally, the expected
spectral efficiency of devices within the network is given by
SE=
K∑
Ka=1
Kap(Ka|K)
Ka−1∑
c=0
p(c|Ka)
NKa∑
l=1
Ka∑
m=1
NQ∑
q=1
SE(l,m, q)
NKaKaNQ
. (22)
IV. SIMULATION RESULTS
In this section, we present the simulation and analysis
results to evaluate the performance of the proposed scheme.
We consider the UL system with 120 devices, where the
BS is equipped with the 128-antenna ULA spaced with a half
wavelength. We use the truncated Laplacian distribution in
(3) to generate the channel PAS, and the channel power is
normalized [8]. For devices within the network, we assume
their angular spread degrees (ASDs) are equal, i.e., ς= ςk for
k ∈ K, and their large scale fading coefficients are assumed
to be 1. We assume their mean channel AoAs are uniformly
distributed within the interval
[−pi3 , pi3 ]. The channel SNR in
training phase and data transmission phase are equal.
We employ the MSE-CE metric to evaluate performances
of the DGPSA-based random pilot and data access scheme
developed in Section III. In Fig. 2, 40 pilots are equally
divided into 20 groups and 120 devices are divided based on
Algorithm 1. Since the number of devices in different groups
is approximately equal, the assignment of pilots is reasonable.
Assuming pa =
1
3 and ρp = ρu= 20 dB, Fig. 2 shows the
MSE-CE of the DGPSA-based random access scheme and
the traditional random access scheme [4]. In [4], devices and
pilots are not grouped. It can be observed that the proposed
1 2 3 4 5 6 7 8 9 10
ASD (degree)
10-4
10-3
10-2
10-1
100
101
M
SE
-C
E
traditional random access
DGPSA-based random access
Fig. 2. Comparison of the MSE-CE performances between the DGPSA-
based random access scheme and traditional random access scheme where
devices and pilot sets are not grouped. Results are shown versus ASD with
K = 120, pa = 1/3, and τp = 40.
scheme outperforms the traditional scheme in terms of the
MSE-CE in all ASD regime. This is because the overlapping
AoA intervals of possible colliders in this paper is less than
that in [4]. Especially, if the ASD is small, i.e., channels are
strongly correlated, the improvement is significant.
In Fig. 3, for the DGPSA-based random access scheme,
pilots and devices are divided into
τp
2 groups based on Algo-
rithm 1. When τp=120, each device is pre-allocated with a
dedicated pilot. Assuming pa=
1
3 and ς=1
◦, Fig. 3 shows the
MSE-CE of the proposed scheme, its theoretical lower bound,
traditional random access scheme [4], and the ideal case
where devices have dedicated pilot sequences. We observe
from Fig. 3 that the MSE-CE improves as the pilot length
increases. Besides, the performance of the proposed scheme
is close to the theoretical lower bound regardless of the pilot
length in low SNR regime where noise influence dominates.
When the SNR is high and pilot interference dominates,
the MSE-CE performance gap between the proposed scheme
and its theoretical lower bound increases as the pilot length
decreases. This is because the proposed algorithm makes
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Fig. 3. Comparison of the MSE-CE performances between DGPSA-based
random access scheme, its theoretical lower bound, traditional random access
scheme, and the ideal case where devices have dedicated pilots. Results are
shown versus SNR with K = 120, pa = 1/3, and ς = 1◦.
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Fig. 4. Comparison of the spectral efficiency between the DGPSA-based
random access scheme and traditional scheme. Results are shown versus SNR
with K = 120, pa = 1/2, τu = 128, τp = 30, and ς = 2◦.
the possible collision devices have approximately orthogonal
channel covariance matrixes but not strictly orthogonal ma-
trixes, and shorter pilot will increase the number of colliders
and the residual interference. However, the proposed scheme
shows obvious performance gains over the traditional scheme
especially in high SNR regime. Furthermore, the performance
gap between the proposed scheme with τp=60 and the ideal
case with τp=120 is not large.
In Fig. 4, when K = 120, pa = 1/2, τp = 30, τu = 128,
and ς =2◦, the spectral efficiencies of the proposed scheme
and traditional random access scheme [4] are presented. It is
shown that the spectral efficiency of the proposed scheme is
higher than that of the traditional scheme in all SNR regime
due to the reduce of MSE-CE.
V. CONCLUSION
Random access has been an important topic because the
number of pilot sequences is limited and the activities of
devices are sporadic. However, most of related works concen-
trate on i.i.d. channels with fewer focus on realistic correlated
outdoor wireless propagation environments. In this work,
a DGPSA-based random pilot and data access protocol is
proposed for massive MIMO systems with spatially cor-
related Rayleigh fading channels. Specifically, devices and
pilot sets are divided into different groups according to the
DGPSA algorithm, and devices within the same group have
less overlapping channel AoA intervals. Then active devices
perform random pilot and data access. The theoretical MSE-
CE lower bound is derived. The simulation results show that
the proposed scheme outperforms the traditional scheme in
terms of the MSE-CE and spectral efficiency. Furthermore, the
MSE-CE performance gains are more significant in smaller
ASD and higher SNR regime. Besides, the MSE-CE of the
proposed scheme is close to its theoretical lower bound over
a wide SNR region especially for long pilot sequence. Hence,
the DGPSA-based random pilot and data access protocol is
crucial and it is suitable to multiple low-power and intermit-
tently active devices in massive MIMO systems with spatially
correlated Rayleigh fading channels.
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